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(54) 1 itic: SYSTEM AND METHOD FOR PROVIDING A SENSE OF FEEL IN A PROSTHETIC OR SENSORY IMPAIRED LIMB 



(57) Abstract 

An apparatus for providing a person with stimuli corre- 
sponding to an external operation on a sensor of a prosthetic 
device is used in conjunction with a prosthetic or sensory Im- 
paired limb. A lower limb prosthesis includes sensors on a 
sensor unit (820) located in a prosthetic foot (806). contacts 
(826-832) in the socket (810) producing stimuli felt on the 
residual limb, and an electronic unit (824) to adjust and con- 
trol the magnitude of the stimuli. An upper limb prosthe- 
sis comprises a sensor (1718) located in the thumb (1714) of 
a prosthetic hand (1704), a vibrating motor (1712) generat- 
ing sensations felt in the residual limb, and an electronic unit 
(1810) to control the vibrating motor. An apparatus for a sen- 
soiy impaired limb providing a sense of feel to an impaired 
body part are constructed in a siiuilar manner. 
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SYSTEM AND METHOD FOR PROVIDING A SENSE OF FEEL IN A 
PROSTHETIC OR SENSORY IMPAIRED LIMB 

Field of the Invention 

The present invention relates to devices for providing a person with a sense of 
5 feel in a prosthetic or sensory impaired limb. 

Summary of the Invention 

The present invention is directed to a method for providing sensory perceptions 
in a sensor system of a prosthetic device. The method comprises sensing an external operation 
magnitude from a plurality of sensor groups, each sensor group sensing a fraction of the 

10 external operation magnitude. A plurality of sensory inputs from the sensor groups is 
generated in response to the external operation. An electrical input signal with a magnitude 
also is generated. The electrical input signal is controlled with the plurality of sensory inputs 
to create a plurality of sensory output signals collectively having a stimulus with a collective 
stimulus magnitude corresponding to the electrical input signal magnitude. Each sensory 

15 output signal has a fraction of the stimulus magnitude corresponding to the fraction of the 
external operation magnitude sensed by one of the sensor groups. Each of the sensory output 
signals is transmitted to a designated one of a plurality of contacts through a designated one of 
a plurality of chaimels. 

Still further, the present invention comprises a sensory feedback system for ttee 

20 with a prosthetic device. The sensory feedback system comprises a power source that is 
adapted to transmit an electrical input signal. Included are a plurality of sensors each operable 
to create a sensory inputs in response to an external operation thereon. Further, the sensory 
feedback system comprises a plurality of contacts each adapted to receive a sensory output 
signal. The sensory feedback system includes a plurality of channels each connected to one of 

25 the plurality of contacts and adapted to carry one of the sensory output signals to the contact 
to which it is connected. The sensory feedback system also comprises a control and 
processing center adapted to receive the electrical input signal from the power source and to 
receive the sensory inputs from the pressure sensors, to control the electrical input signal by 
applying the sensory inputs to the electrical input signal to create the sensory output signals, 

30 and to transmit the sensory output signals to the contacts through the channels. 

Further still, the present invention comprises a sensory feedback system for a 
prosthetic device. The sensory feedback system comprises a power source adapted to transmit 
an electrical power signal and an electrical input signal, a control and processing center 
adapted to receive the electrical input signal and to transmit a plurality of sensory output 

35 signals, and a plurality of contacts each adapted to receive a designated one of the sensory 
output signals. The sensory feedback system also comprises a plurality of inductance-based 
pressure sensors each adapted to receive the electrical power signal, to change the electrical 
power signal to a sensory input signal representing pressure applied thereto, and to transmit 
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the sensory output signal therefrom. Also comprising the sensory feedback system is a sensor 
controller adapted to route the electrical power signal to each inductance-based pressure 
sensor and to return the sensory input signal from each inductance-based pressure sensor to 
the control and processing center The control and processing center processes the sensory 
5 input signals and the electrical input signal to create a plurality of sensory output signals each 
representing the pressure applied to at least one of the inductance-based pressure sensors. In 
addition, the control and processing center transmits the sensory output signals to the 
contacts. 

In another aspect, the present invention is directed to a lower limb prosthesis. 

10 The lower limb prosthesis includes a leg portion including a socket for receiving a residual 
limb of an amputee. A foot portion is attached to the leg portion. The foot portion having a 
sole, and a pressure sensor is positioned under the sole of the foot to provide an electrical 
resistance in proportional response to pressure against the sole of the foot. A power source is 
included to generate an electrical power signal, and an electrical power signal conductor is 

15 included to conduct the electrical power signal from the power source to the pressure sensor. 
A control and processing center also is included. The control and processing center is adapted 
to respond to the electrical resistance in the pressure sensor, whereby the power source is 
deactivated in response to electrical resistance in the pressure sensor which is greater than a 
selected level of electrical resistance and whereby the power source is activated in response to 

20 electrical resistance in the pressure sensor which is less than the selected level of resistance. A 
residual limb contact is included to transmit the electrical power signal to the residual limb. In 
addition, a channel is included to conduct a sensory output signal from the pressure sensor to 
the residual limb contact. 

In yet another aspect, the present invention is directed to a lower prosthesis. 

25 The lower limb prosthesis comprises a leg portion including a socket for receiving the residual 
limb of an amputee. A foot portion is attached to the leg portion, the foot portion having a 
sole with a heel and a ball of the foot. A first pressure sensor is position under the ball of the 
foot adapted to provide an electrical resistance in proportion to pressure against the ball of the 
foot with respect to total pressure, and a second pressure sensor is positioned under the heel 

30 adapted to provide an electrical resistance in proportion to pressure against the heel with 
respect to total pressure. A power source is included to generate electrical current having a 
magnitude. An electrical current conductor is included to conduct electrical current from the 
power source to the first and second pressure sensors. 

The lower limb prosthesis further comprises a first residual limb contact 

35 adapted to transmit electrical to a first location on the residual limb. A first channel conducts 
electrical current from the first pressure sensor to the first residual limb contact. A second 
residual limb contact is included to transmit electrical to a second location on the residual limb. 
A second channel conducts electrical current from the second pressure sensor to the second 
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residual limb contact. The lower limb prosthesis further comprises a control and processing 
assembly adapted to create a first and second sensory output signal collectively having a 
stimulus with a collective stimulus magnitude corresponding to the electrical current 
magnitude. Each sensory output signal has a fraction of the stimulus magnitude corresponding 
5 to the fraction of the pressure sensed by the respective sensors with respect to the total 
pressure. 

In still another aspect, the present invention comprises an upper limb 
prosthesis. The upper limb prosthesis includes an arm portion including a socket adapted to 
receive the residual limb of the amputee. A hand portion is attached to the arm portion, the 

10 hand portion having at least one digit. A power source generates an electrical current. A 
pressure sensor is installed in the at least one digit to receive the electrical current, to provide 
an electrical resistance to pressure on the at least one digit, and to emit, in response to the 
pressure, an electrical signal in proportion to the intensity of pressure on the at least one digit. 

The upper limb prosthesis further comprises a control and processing center 

15 adapted to convert the electrical signal firom the pressure sensor to a stimulus, to deactivate 
the transmission of the stimulus to the residual limb in response to a predetermined period of 
lack of muscle activity in the residual limb, and to activate the transmission of the stimulus in 
response to muscle activity in the residual limb. A residual limb contact is provided to receive 
the stimulus from the control and processing center and to transmit the stimulus to the residual 

20 limb. 

The present invention is also directed to a system for providing sensory 
feedback to a person having a prosthetic device The system comprises a plurality of 
sensors. Each of the sensors is located at a respective area of the prosthetic device and has a 
sensor characteristic to define a plurality of sensor characteristics. Each of the sensor 

25 characteristics indicates a degree of exposure of the respective sensor to an external influence. 
The sensor characteristic of each of the sensors defines a sensor fraction of the total of the 
sensor characteristics. 

The system further comprises a plurality of output elements, each of the output 
elements corresponding to one of the sensors and being in communication with a sensory- 

30 perceptive area of the person. The system also includes a control and processing center 

operatively connected to the sensors and to the output elements. The control and processing 
center produces a sensory output in each of the output elements to define a plurality of 
sensory outputs. The sensory output of each of the output elements defines an output fraction 
of the total of the sensory outputs. The output fraction is substantially equal to the sensor 

35 fraction of the corresponding sensor. 
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Description of the Drawings 

Figure 1 is a diagrammatic view of an apparatus constructed in accordance 
with the present invention for use with a lower hmb prosthesis. 

Figure 2 is a diagram illustrating the location of the sensors, the electronic 
5 circuit, and the contacts in the apparatus of Figure 1 . 

Figure 3 is a block diagram of the processing in the electronic circuit of the 
apparatus of Figure 1. 

Figure 4 is an electrical schematic of the electronic circuit of the apparatus of 

Figure 1. 

10 Figure 5 is a graph illustrating the waveform of a prior art pulsating unit. 

Figure 6 is a graph illustrating the waveform of the pulses of the electronic 
circuit of Figure 4. 

Figure 7 is a diagranunatic view of an apparatus constructed in accordance 
with the present invention for use with a natural lower limb which is sensory impaired. 
15 Figure 8 is a diagranmiatic view of a digital processing apparatus constructed in 

accordance with the present invention for use with a lower limb prosthesis. 

Figure 9 is a block diagram of the processing in the electronic circuit of the 
apparatus of Figure 8. 

Figure 10 is a block diagram of the frequency control processing in the 
20 electronic circuit of the apparatus of Figure 8. 

Figure 1 1 is a diagram illustrating the sensor unit of the apparatus of Figure 8. 

Figure 12 is a cross sectional view of the sensor unit of Figure 1 1 . 

Figure 13 is a block diagram of the sensor controller of Figure 11, 

Figure 14 is a block diagram of the electronic circuit of the apparatus of Figure 

25 8. 

Figure 15 is an electrical schematic of the electronic circuit of the apparatus of 

Figure 8, 

Figure 16 is a diagrammatic view of a digital processing apparatus constructed 
in accordance with the present invention for use with a natural lower limb which is sensory 
30 impaired. 

Figure 17 is a diagrammatic view of the hand component of an apparatus 
constructed in accordance with the present invention for an upper limb prosthesis. 

Figure 18 is a diagrammatic view of a socket component of an apparatus 
constructed in accordance with the present invention for an upper limb prosthesis. 
35 Figure 19 is an electrical schematic of the electronic circuit of the upper hmb 

prosthesis shown in Figures 17 and 18. 

Figure 20 is an electrical schematic of another preferred embodiment of the 
electronic circuit of the upper limb prostheses shown in Figures 17 and 18. 

4 
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Detailed Description of the Preferred Eitibodiineiits 

A person with a prosthetic limb or a sensory impaired limb faces a challenging 
task in coordinating the use of such a limb. Without sensory information from a lower 
extremity to the brain, there is no feedback to the individual indicating how much pressure is 

5 being placed on a particular area of the limb. When the brain receives no sensory perception 
from an upper extremity limb, an object may be grasped too loosely and dropped or squeezed 
too tightly and damaged. Moreover, without feedback to the brain of other stimuli, such as 
heat or cold, a prosthetic limb or sensory impaired limb may be damaged. 

In the case of the lower extremities in particular, the loss of feeling contact 

10 with the floor or ground presents difficulty in maintaining proper balance, in achieving a 
normal gait, and in being aware of prolonged or excessive contact with the ground or floor. In 
conventional lower limb prostheses, the amputee usually can feel pressure from the socket on 
the residual limb. However, the pressure sensations are so generalized that the amputee 
cannot distinguish the position of the foot or the limb from the pressure sensations. Lack of 

15 balance and an abnormal gait may result in a fall and serious injury. 

In a natural but sensory impaired limb, prolonged or excessive pressure can 
cause ulceration and infections. These ulcers, also called pressure sores, require extended 
medical treatment and, in extreme cases, can even lead to amputation. 

The present invention provides a sense of feel in a prosthetic device by 

20 producing sensory data to a person at remote points on the body. As used herein, the term 
"prosthetic device" means a prosthetic limb, a device used in conjunction with a sensory 
impaired limb or sensory impaired body part, or any other device used to provide sensory 
information to a person or to replace a missing part of a person's body. 

In one aspect, for example, stimuli which are proportional to pressure exerted 

25 on locations on the limb are produced on parts of the body so that specific pressure points may 
be identified. These stimuli are communicated to the brain through the neurological system. 
When receiving sensory data associated with a missing or impaired limb, the brain may actually 
project the limb back into the mind through a phenomenon called "cerebral projection," 
Balance and feeling are not only improved, but a sense of reconnection and movement of the 

30 limb may be produced. The sense of reattachment, in turn, may reduce or ehminate phantom 
pain which often resuhs from a missing or sensory deprived limb. 

The Embodiment of Figures 1-6 

Referring now to the drawings in detail, and to Figure 1 in particular, shown 
therein and designated by the reference numeral 102 is a first embodiment of an apparatus 
35 constructed in accordance with the present invention. In this embodiment, the apparatus is 
adapted for use with a lower limb prosthesis 104 which is worn on the residual limb (not 
shown) of an amputee. 
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The lower limb prosthesis 104 has a foot portion 106, an ankle portion 108, 
and a socket portion 110 (shown in broken lines) The socket portion 110 receives the 
residual limb of the amputee. The foot portion 106 includes a sole 1 12, a heel 1 14, a ball of 
the foot 1 1 6, and a toe 1 1 8. 
5 Sensor groups which sense an external operation thereon are integrated in, or 

attached to, the prosthesis 104. A front sensor group, such as a front pressure sensor 120, is 
located in the sole 112 in the ball of the foot 116. A back sensor group, such as a back 
pressure sensor 122, is located in the sole 1 12 toward the heel 1 14 of the foot 106. Each of 
the sensors 120 and 122 have a sensor characteristic that describes what electrical 

10 characteristic the sensors use to sense the external operation thereon. The sensor 
characteristic can be, for example, inductance, resistance, impedance, or another characteristic. 
The pressure sensors 120 and 122 are connected by wiring 124 to an electronics unit 126. 

The electronics unit 126 comprises an electronic circuit, yet to be described, 
contained within an enclosure of some sort. The electronics unit 126 is strapped or otherwise 

15 attached to the lower limb prosthesis 1 04 where it is accessible for adjustment and repair. 

Referring still to Figure 1 and now also to Figure 2, the apparatus 102 also 
includes output elements, such as four contacts 128, 130, 132, and 134, which are positioned 
in the socket portion 110 of the prosthesis 104. A front contact 128 is positioned so as to 
contact the front of the residual limb, and a back contact 130 is located to be in contact with 

20 the back of the residual limb. The other two contacts 132 and 134 are common contacts and 
are positioned to contact opposing sides of the residual limb of the amputee. 

The left and right common contacts 132 and 134 are floating ground contacts, 
and the front and back contacts 128 and 130 are non-floating ground contacts. Because the 
common contacts 132 and 134 are floating ground contacts, a potential difference is created 

25 between the front contact 128 and the left common contact 132 or between the back contact 
130 and the right common contact 132, respectively. A potential difference occurs when the 
electric charge at one point in the circuit is not the same as the electric charge at another point 
in the circuit. This potential difference allows the current to flow through the residual limb 
from the more positive contact to the more negative contact, thereby completing the circuit 

30 path. 

As best seen in Figure 2, the contacts 128, 130, 132, and 134 are connected by 
channels, such as wiring 136, to the electronics unit 126. The wiring 136 for each channel 202, 
204, 206, and 208 connects to each contact 128, 130, 132, and 134, respectively. The wiring 
136 completes an electric circuit path from the electronics unit 126 to the front and back 
35 contacts 128 and 130, through the residual limb to the common contacts 132 and 134, and 
back to the electronics unit 126. 

Electrode pads which are commonly used for monitoring heart rates and for 
producing electrocardiograms are suitable for use as the four contacts 128, 130, 132, and 134. 
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The adhesive portions of these monitoring pads may be removed and the elastomeric contact 
portions of the pads may be secured in the prosthetic limb. As shown in Figure 1, the contacts 
128, 130, 132, and 134 should be positioned within the socket portion 1 10 so that, when the 
residual limb is received in the socket of the prosthesis 104, the contacts will firmly contact the 

5 surface of the residual limb creating a potential electrical path therethrough. 

Figure 3 illustrates the processing that occurs in the electronics unit 126 of the 
apparatus 102. (See Figure 1.) A power source 302 in the electronics unit 126 transmits an 
electrical input signal to the control and processing center 304. In the apparatus 102 of the 
present invention, the electrical input signal has a voltage and a current, each with a 

10 magnitude, with a circuit path is closed. 

When an external operation, such as pressure, is applied to the sensors 306, the 
sensors input sensory input to be processed by the control and processing center 304. In the 
apparatus 102 of the present system, the sensory input is a resistance value. 

The control and processing center 304 applies the sensory inputs to the 

15 electrical input signal to control the output of the electrical input signal. The output is carried 
as sensory output signals on separate channels 308 to one or more contacts 310. Each of the 
sensory output signals represent a stimulus with a stimulus magnitude. The stimulus can be, 
for example, a pulsating current having a current magnitude and a frequency. 

Because the sensory input signals are first processed and then used to control 

20 the output of the electrical input signal, multiple sensory output signals can be carried on a 
different one of the multiple channels 308 to a designated one of the contacts 310. Each 
sensory output signal carries a fraction of the total sensory output. Thus, for example, the 
front contact 128 can receive a different pulsating current than the back contact 130. (See 
Figure 1.) 

25 The processing in the apparatus 102 is analogous to a water faucet system. 

The electrical input signal is analogous to water in the pipes of the water faucet system. The 
contacts are analogous to the faucets. The processed sensory input signals that are applied to 
the electrical input signal to control the sensory output signals sent to each individual contact 
are each analogous to a signal that is transmitted to a different faucet to allow the water to 

30 come out of each individual faucet at a different pressure and rate. 

With reference now to Figure 4, the electronic circuit 402 contained within the 
electronics unit 126 of the apparatus 102 is described in detail. The electronic circuit 402 is an 
analog control and processing center 304 (see Figure 3). The electronic circuit 402 is powered 
by a power source, such as a circuit battery 404. Current from the battery 404 is transformed 

35 into oscillations or pulses by an oscillator circuit 406 which drives the transformer 408. The 
pulses are damped by a trigger circuit 410 which also controls the amplitude of the pulses. 

In the preferred practice, the circuit battery 404 is a standard nine-volt d.c. 
battery. A Heath No. 51-216 step-up transformer or an equivalent is a suitable driver 
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transformer 408. The oscillator circuit 406 includes an SK3950 (5400) SCR transistor 412, a 
47^lf chip capacitor 414, and resistors 4 1 6, 418 and 420. 

The trigger circuit 410, which receives the pulses from the oscillator 
circuit 406, includes an SK9442 (A14) transistor 422. The trigger input from the SK9442 
transistor 422 is connected to front and back 20 kilo-ohm (KQ) potentiometers 424 and 426, 
respectively. 

The potentiometers 424 and 426 are included to allow the amputee to adjust 
the magnitude of the stimuli produced in the sensory output signals transmitted to the contacts 
128, 30, 132, and 134. The potentiometers 424 and 426 may be standard variable resistors in 
the range of 20 KQ to 150 KH, depending upon the desired range of magnitudes. 

With continuing reference to Figure 4, the front potentiometer 424 is in series 
with the front pressure sensor 120 and the front contact 128. Pulses of current are generated 
as the electrical input signal by the battery 404 of the electronics unit 126 and are directed to 
the pressure sensor 120. The resistances from the pressure sensors 120 act as the sensory 
inputs which are used to process the electrical input signal to create the sensory output signals. 
When sufficient pressure is exerted on the pressure sensor 120 to reduce the resistance, the 
current pulses of the electrical input signal are changed to current pulses of the sensory output 
signal which flow to the contact 128. As the resistance of the pressure sensors 120 change, 
the current pulses of the sensory output signals change. This series arrangement forms a front 
potentiometer/sensor set. 

Similarly, the back potentiometer 426 is in series with the back sensor 122 from 
which the current pulses of the sensory output signals are transmitted to the back contact 130, 
assuming reduced resistance resulting from pressure. Thus, there is provided a back 
potentiometer/sensor set, which is in parallel arrangement with the front potentiometer/sensor 
set. 

Vohage initiated by the driver transformer 408 as the electrical input signal is 
changed to current and directed to the contacts 128 and 130 as the sensory output signals and 
is transceived through the front and back contacts 128 and 130. The current is also 
transceived through the flesh of the residual limb (not shown in Figure 4) through the common 
contacts 132 and 134, as described above. 

As indicated, the resistance in the pressure sensors 120 and 122 is the sensory 
input that controls the stimuli perceived by the amputee relative to the degree of pressure 
exerted on the pressure sensors. To this end, the pressure sensors 120 and 122 have a range 
of resistance from oo KTl, when no pressure is applied, to approximately 10 KQ, when 
extreme pressure is applied. The DYNAFORCE pressure sensor manufactured by TekScan, 
Inc. in Boston, Massachusetts, the FORCE SENSING RESISTOR™ manufactured by 
Interlink Electronics, Inc. in Carpintera. California, or an equivalent, are suitable devices for 
the pressure sensors 120 and 122 in the apparatus 102. 
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Referring still to Figure 4, when no pressure is applied to the pressure sensors 
120 and 122, the virtually infinite resistance of the pressure sensors results in an open circuit 
and no current flows to the contacts 128 and 130. In fact, until pressure is applied to the 
pressure sensors 120 and 122 to effect a resistance of about one Mega-ohm (MQ) for one of 

5 the potentiometer/sensor sets, the trigger circuit 410 is turned off by the SK9442 transistor 
422, thereby deactivating the electronics unit 126. This conserves battery power during 
periods when no pressure is exerted on the sensors 120 and 122. 

When sufficient pressure is applied to produce a resistance in one of the 
potentiometer/sensor sets which is greater than 200 ¥S1 but less than 1 MQ, the trigger circuit 

10 410 will be turned on by the SK9442 transistor 422, activating the electronics unit 126, and 
current will flow to the contacts 128 and 130. However, in this range the current pulses of the 
sensory input signal will be insufTicient to produce a perceptible stimulus in the residual limb. 
When sufficient pressure is applied to produce a resistance in one of the potentiometer/sensor 
sets of approximately 200 KQ or less, the current pulses to the contacts 128 and 130 are 

15 adequate to produce stimuli which can be felt by the amputee. 

Now it will be understood that the magnitude of the stimulus transmitted to the 
residual limb is directly proportional to the amount of pressure applied to the pressure sensors 
120 and 122. Increasing the pressure on the sensors 120 and 122 reduces the effective 
resistance applied to the trigger circuit 410 output and increases the magnitude of the current 

20 pulses to the contacts 128 and 130. Likewise, decreasing the pressure on the sensors 120 and 
122 decreases or eliminates the magnitude of the current pulses to the contacts 128 and 130. 

Patients vary in their sensitivity to electrical current magnitudes. The 
magnitude of the current that is transmitted to the contacts 128 and 130 can be regulated to a 
comfortable range for a particular patient by adjusting the potentiometers 424 and 426, as 

25 indicated. 

When sufficient pressure is applied to the sensors 120 and 122 at the same 
time, as is the case when the amputee is standing flat-footed, both contacts 128 and 130 
produce a stimulus. If each contact 128 and 130 produces stimulus with the same magnitude 
as it would if acting alone, the amputee would feel the overall effect of doubled magnitude. 
30 Over a period of time, this doubled magnitude might become irksome and uncomfortable to 
the amputee. 

This problem is eliminated in the apparatus of the present invention. Because 
the sensors 120 and 122 are connected in a parallel arrangement, a differential effect is 
produced when pressure is applied to both sensors 120 and 122 simultaneously. For example, 
35 if equal pressure is applied to both sensors 120 and 122 (and the two potentiometers 424 and 
426 are adjusted to be equal in resistance), one-half of the output current from the SK9442 
transistor 422 flows to the front contact 128 and one-half flows to the back contact 130. 
When sufficient pressure is applied to both sensors 120 and 122 simultaneously, the amputee 
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feels stimulus from both contacts 128 and 130. However, the collective magnitude of the 
output current is divided between the two contacts 128 and 130. Therefore, the collective 
magnitude of the stimulus felt by the person from the contacts 128 and 130 is lessened. 

In addition, the collective magnitude intensity is divided with respect to an 
absolute reference. Thus, the collective magnitude of the current is allocated at one-hundred 
percent of the total magnitude from the zero output level. Other systems use a floating 
reference that jumps to the one-hundred percent level when force is applied, but then stabilize 
to zero when the pressure no longer increases, even though force is still applied. Then, when 
the force is released, the floating reference jumps to a negative one-hundred percent 
magnitude and then stabilizes to zero. Thus, the absolute reference used by the current system 
provides a higher comfort level. 

With reference now to Figure 5, a typical waveform 502 produced by a 
conventional electrical stimulus unit is described. It is important to note the sharp lower 
peaks, one of which is designated by reference numeral 504, caused by the recoil of driver 
transformer windings. Over time, these sharp peaks 504 may become very uncomfortable for 
the amputee. 

In contrast. Figure 6 illustrates the damped oscillations 602 of the stimulus 
produced by the electronic circuit 402 of the apparatus 102 (Figure 1). The smooth, 
attenuating pulses, one of which is indicated by reference number 604, resemble the curved 
waveform produced by the sound waves from a ringing bell. This results in stimuli which are 
more comfortable to the amputee than the sharp peaks 504 of the conventional waveform 502. 
Although the maximum magnitudes of the oscillations in Figure 6 are all substantially equal, it 
should be understood that such magnitudes vary according to the pressure applied to the 
sensors 120 and 122. 

In operation, the front contact 128 corresponds to the front pressure 
sensor 120 and the back contact 130 corresponds to the back pressure sensor 122. When 
sufficient pressure is applied as the external operation to the back sensor 122 near the heel 1 14 
of the foot 106, the amputee feels a stimulus from the back contact 130 at the rear of the 
residual Umb. Similarly, when sufficient pressure is applied as the external operation to the 
front sensor 120 at the ball of the foot, the amputee feels a stimulus from the front contact 128 
at the front of the residual limb. As the amputee walks on the lower limb prosthesis 104, the 
alternating rear and front stimuli on the residual limb result in a sense of feel corresponding to 
that experienced in a normal limb at the heel and toe strike of the human foot during the gait 
cycle. 

Returning briefly to Figure 1, it will be appreciated that the electrical 
wiring 124 of the apparatus positioned in the ankle portion 108 and the foot portion 106 are 
subject to considerable mechanical stress from standing, walking, and running. Accordingly, 
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the wiring 124 attached to the pressure sensors 120 and 122 should be able to withstand the 

rigors of physical pressure and repeated bending. 

In some cases, the wiring 1 24 between the electronics unit 1 26 and the pressure 

sensors 120 and 122 can be divided into an upper portion 138 and a lower portion 140 
5 connected by a conductive connector 142, such as epoxy adhesive, solder, a weld, or other 

connector. Any suitable conductor may be used for the upper portion 138 and the lower 

portion 140 of the wiring 124. 

The ends of the wires are attached to the terminals of the pressure sensors 120 

and 122 and to the conductor 138 by a suitable conductive epoxy adhesive, solder, a weld, or 
10 other connector. Each such connection is insulated in a conventional manner. 

The Embodiment of Figure 7 

An apparatus constructed in accordance with the present invention is not 
limited to use with prosthetic limbs, but may be employed with a natural but sensory impaired 
limb as well. A disease, such as diabetes, or a traumatic injury to a limb may cause impairment 

15 or dysfunction of the sensory perceptions normally present in a limb. The present invention 
restores a type of area specific stimulus to such sensory impaired limbs. 

Turning to Figure 7, for example, an apparatus 702 constructed for use with a 
natural lower limb 704 in accordance with the present invention is shown. A foot sensor unit 
706 is provided to contact the sole 708 of the foot 710. A back sensor group, such as a back 

20 pressure sensor 712, is located in the sensor unit 706 toward the heel 714 of the foot 710. A 
front sensor group, such as a front pressure sensor 716, is positioned in the foot pad 706 
proximate to the ball 718 of the foot 710. Each of the sensors 712 and 716 have a sensor 
characteristic that describes what electrical characteristic the sensor uses to sense the external 
operation thereon. The sensor characteristic can be, for example, inductance, resistance, 

25 impedance, or another characteristic. 

Wires 720 are connected to the terminals of the pressure sensors 712 and 716 
and extended upward to an electronics unit 722 to form channels. It should be appreciated 
that the electronics unit 722 includes a circuit similar to the lower limb electronic circuit 402 
(Figure 4) previously described. 

30 With continued reference to Figure 7, it should be understood that the 

electronic circuit 402 is connected to the pressure sensors 712 and 716 and a set of output 
elements, such as contacts 724, 726, 728 and 730, in a manner similar to that previously 
described. The electronics unit 722 containing the electronic circuit 402 is typically secured to 
the natural limb 704 with a strap 732 or other connectors. 

35 The contacts 724, 726, 728 and 730 are similar to the contacts 128, 130, 132 

and 134 of the apparatus 102 first embodiment (Figures 1-4). Like the contacts 128, 130, 132 
and 134, the contacts 724, 726, 728 and 730 may be fashioned from electrode pads commonly 
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placed on a patient for heart monitoring Any suitable wiring 734 may be used to connect the 
electronic circuit 402 with the comacts 724, 726, 728, and 730 and to the sensors 712 and 716 
to form the channels. 

The contacts 724, 726, 728, and 730 are placed in contact with an area of the 
limb 704 which has sensory perception. The fi-om contact 724, corresponding to the front 
pressure sensor 716, is positioned toward the fi-om of the limb 704, and the back contact 726, 
associated with the back pressure sensor 712, is located toward the back of the limb 704 

The common contacts 728 and 730 are positioned one on either side of the 
Umb 704. A contact strap 736, which may be any convemional elastic or adjustable strap, or 
another connector is provided to hold the contacts 724, 726, 728, and 730 in place against the 
limb 704. 

The wiring 720 of the natural lower limb apparatus 702, like the wiring 124 of 
the lower limb prosthesis apparatus 102 of Figure 1, is subject to considerable physical stress. 
To withstand the efTects of excessive wear, in some cases the wiring 720 may be segmented 
into an upper portion 738 and a lower portion 740. 

The upper portion 738 of the wiring 720 may be any suitable conductor 
connected to the electronic circuit 402 in a conventional manner. The lower portion 740 of the 
wiring 720 may be any suitable conductor and is extended upward to the ankle area 742 of the 
limb 704. where it is joined to the upper portion 738 of the wiring 720 by a connector 744, 
such as a conductive epoxy adhesive, solder, a weld, or another connector. A connector, such 
as conductive epoxy adhesive, solder, a weld, or another connector may be used to connect 
the ends of the lower portion 740 of the wiring 720 to the contacts of the pressure sensors 712 
and 716. 

In operation, the embodiment 702 functions similar to the embodiment 102 
previously described (Figures 1-4). Stimuli which can be felt are produced by the 
contacts 724 and 726 in proportional response to pressure against the sensors 712 and 716. 
Accordingly, the apparatus 702 restores sense of feel for the sole 708 of the foot 710 which 
has impaired sensory perception. 

The Embodiment of Figures 8-15 

Referring now to Figure 8. shown therein and designated by the reference 
numeral 802 is a third embodiment of an apparatus constaicted in accordaiice with the present 
mvention. In this embodiment, the apparatus 802 is for use with a lower limb prosthesis 804 
which is worn on the residual limb (not shown) of an amputee. The apparatus 802 employs 
digital processing to provide sensory data to the amputee. 

The lower limb prosthesis 804 has a foot portion 806, an ankle portion 808, 
and a socket portion 810. The socket portion 810 receives the residual limb of the amputee 
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(not shown). The foot portion 806 includes a sole 812, a heel 814, a ball of the foot 816, and 
a toe 818. 

A sensor unit 820 is attached to, or integrated in, the sole 812 of the foot 
portion 806. The sensor unit 820 senses an external operation thereon. For example, the 
5 sensor unit 820 can sense heat, cold, pressure, or another external operation. Preferably, the 
sensor unit 820 senses pressure. The sensor unit 820 is connected by wiring 822 to an 
electronics unit 824. 

The electronics unit 824 comprises an electronic circuit with a processing and 
control center, yet to be described, contained within an enclosure. The electronics unit 824 is 

10 attached to, or integrated into, the lower limb prosthesis 804 where it is accessible for 
adjustment and repair. 

Referring still to Figure 8, the apparatus 802 includes output elements, such as 
four contacts 826, 828, 830, and 832, which are positioned in the socket portion 810 of the 
prosthesis 804. A front contact 826 is positioned so as to contact the front of the residual 

15 limb. A back contact 828 is positioned so as to contact the back of the residual limb. A first 
common contact 830 is positioned on the left of the residual limb, and a second conmion 
contact 832 is positioned on the right of the residual limb. 

The left and right common contacts 830 and 832 are floating ground contacts, 
and the front and back contacts 826 and 828 are non-floating ground contacts. Therefore, a 

20 potential difference is created between the front contact 826 and the left common contact 830 
or between the back contact 828 and the right common contact 832, respectively. A potential 
difference occurs when the electric charge at one point in the circuit is not the same as the 
electric charge at another point in the circuit. This potential difference allows the current to 
flow through the residual limb from the more positive contact to the more negative contact, 

25 thereby completing the circuit path. 

The contacts 826, 828, 830, and 832 are connected by wiring to the electronics 
unit 824. A separate channel 834, 836, 838, and 840 connects each of the contacts 826, 828, 
830, and 832, respectively, to the electronics unit 824. A portion of an electric circuit path is 
completed between the sensor unit 820 and the electronics unit 824 through the wiring 822. 

30 The circuit path is completed from the electronics unit 824 to the front contact 826 or the 
back contact 828 through the front channel 834 or the back channel 836, through the residual 
limb, to a common contact 830 or 832, and from the conmion contact 830 or 832 to the 
electronic unit 824 through the common channel 838 or 840. 

Figure 9 illustrates the processing method that occurs in the apparatus 802. 

35 With reference to Figure 8 and Figure 9, a power source 902 in the electronics unit 824 
transmits an electrical input signal to the control and processing center 904. The electrical 
input signal has a current and a voltage, each with a magnitude, when the an electrical circuit 
is closed. When an external operation, such as pressure, is applied to one or more groups of 
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sensors 906 in the sensor unit 820, the sensors input a sensory input in a sensory input signal 
that is processed by the control and processing center 904. 

Each of the sensory output signals have a stimulus with a stimulus magnitude. 
The stimulus can be the current, voltage, or frequency. The stimulus is the component of the 
sensoo' output signal that is varied to provide the sensations to the user of the prosthetic 
device. Generally, the current is the stimulus so that the magnitude of the current is being 
increased or decreased. 

The control and processing center 904 processes the sensory input signals and 
applies the processed sensory input signals to the electrical input signal to control the output 
of the electrical input signal. The sensory output signals are transmitted from the control and 
processing center 904 on separate channels to one or more contacts 908. 

In the preferred apparatus, the control and processing center 904 has a 
processor 910 and an isolator 912. The isolator 912 receives the electrical mput signal from 
the power source 902. The processor 910 receives the data from the sensory input signals and 
processes the data to determine the characteristics of each control signal. The control signals 
are sent to the isolator 912 where they are applied to the electrical input signal to create the 
sensory output signals. 

The control signals are used by the isolator 912 to control the output of the 
electrical input signal in the same manner as the water system analogized to above. Thus, the 
magnitude of the stimulus of the sensory output signals is controlled by the control signals. 
Therefore, when a current is sent to the contacts 908 as the stimulus in the sensory output 
signals, the magnitude of the current can be set and varied for each sensory output signal. 

Because the data in the sensory input signals is first processed and then used to 
control the output of the electrical input signal, a different sensoiy output signal can be 
transmitted on a different designated channel to a designated contact. Thus, for example, the 
front contact 826 can receive a pulsating current as the stimulus in a sensory output signal 
over the front channel 834, and the back contact 130 can receive a different pulsating current 
as the stimulus in a sensory output signal over the back channel 836. 

Preferably, the proportion of the collective magnitude of the stimuli in each of 
the sensory output signals is proportional to the external operation at the respective groups of 
sensors. Thus, if seventy percent of the external operation is sensed by a front group of 
sensors, seventy percent of the stimuli is transmitted to the front contact. 

Moreover, the collective magnitude intensity is divided with respect to an 
absolute reference. Thus, the collective magnitude of the current is allocated at one-hundred 
percent of the total magnitude from the zero output level. Other systems use a floating 
reference that jumps to the one-hundred percent level when force is applied, but then stabihze 
to zero when the pressure no longer increases, even though force is still applied. Then when 
the force is released, the floating reference jumps to a negative one-hundred percent 
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magnitude and then stabilizes to zero. Thus, the absolute reference used by the current system 
provides a higher comfort level. 

In some cases, it is desirable to control the frequency rate of the sensory output 
signals as well as the current magnitude. In such a case, the frequency of the electrical input 

5 signal is controlled or modified at the power source 902 before the electrical input signal is 
transmitted to the isolator 912. This is accomplished by the processor 910 and a frequency 
controller 1002. The processor 910 transmits a control signal to the frequency controller 1002 
designating a modified frequency. The frequency controller 1002 then modifies the frequency 
response of the electronics circuit at the power source 902. This allows the frequency 

10 controller 1002 to modify the frequency of the electrical input signal. 

Figure 1 1 illustrates the sensor unit 820 of the present invention. The sensor 
unit 820 can be integrated into the prosthesis 804 (see Figure 8) or used as a pad on the sole 
812 of the prosthesis 804. In either case, the sensor unit 820 can incorporate a series of slots 
1 102 to provide the sensor unit with flexibility. 

15 Preferably, the sensors 906 are grouped into a front group and a back group. 

The front of the sensor unit 820 has a front group comprising four sensors: a front right sensor 
1 104, a front middle right sensor 1 106, a front middle left sensor 1 108, and a front left sensor 
1110. Similarly, the back of the sensor unit 820 has a back group comprising four sensors: a 
back right sensor 1 1 12, a back middle right sensor 1 1 14, a back middle left sensor 1116, and a 

20 back left sensor 1118. Each of the sensors 1104, 1106, 1108, 1110, 1112, 1114, 1116, and 
1118 have a sensor characteristic that describes what electrical characteristic the sensors use 
to sense the external operation thereon. The sensor characteristic can be, for example, 
inductance, resistance, impedance, capacitance, or another characteristic. Each of the sensors 
1104, 1106, 1108, 1110, 1112, 1114, 1116, and 1118 are connected to a sensor controller 

25 1 1 20 by a trace 1 1 22 or a v^re. 

A trace 1122 is an electrically conductive line that connects two or more 
points. Generally, traces are found on a circuit boards of various types. However, in this 
instance, the trace and the sensors 1104, 1106, 1108, 1110, 1112, 1114, 1116, and 1118 are 
inlaid in a flexible material, such as a flexible plastic. 

30 Current flows from the sensor controller 1 120, through the trace 1 122, and to a 

respective one of the sensors. A common return 1 124 completes the circuit path by returning 
the current pulses to the sensor controller 1120 as the sensory inputs in the sensory input 
signals. The sensor controller 1 120 communicates the sensory input signals to the control and 
processing center 904 (Figure 9). 

35 Referring now to Figure 1 1 and Figure 12, the sensor unit 820 has three layers. 

The first layer 1202 contains the sensors 906 and the traces 1122, (For simplicity, when the 
sensors 1104, 1106, 1108, 1110, 1112, 1114, 1116, and 1118 are referred to as a group, the 
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reference numeral 906 will be used to refer to all the sensors.) The second layer 1204 
comprises an msulating layer. The third layer 1206 is a conducting layer. 

The sensors 906 in the first layer 1202 are inductance-based pressure sensors 
Preferably, each of the sensors 906 is an inductor coil pressure sensor. The inductor coil 
pressure sensor alleviates difficulties that may be present in other types of pressure sensors 
The mductor co.l sensor is rugged. Although the structure of the sensors 906 resists creasing 
If the sensor becomes compressed, bent, or creased, the reaction of the pressure sensor does 
not vary as m other types of sensors; the inductance does not change. Other types of sensors 
that become bent or creased introduce error into the measurement of the pressure Thus the 
mductance coil pressure sensor provides more reliable measurements and increased durability 
when subjecting to creasing forces and repeated stress. 

The second layer 1204 insulates the first layer 1202 fi-om the third layer 1206 
thereby providing a buflFer between them. As the pressure on the sensor unit 820 is increased' 
the second layer 1204 compresses. As the second layer 1204 compresses, the coils of the firsi 
layer 1202 get closer to the conducting third layer 1206, thereby changing the inductance for 
the sensor. 

The second layer 1204 comprises a foam rubber layer that has a low 
compression value and good resilience. A ceUular urethane having a durometer ("shore A" 
scale) m the range of approximately ten to thirty is appropriate. One cellular urethane product 
that IS suitable for use with the present invention is the PORON® brand cellular urethane 
which has a durometer of 15 and which is made by Rogers Corporation in Rogers, 
Connecticut. Equivalents also may be used. 

The third layer 1206 comprises a metallic foil. Aluminum foil is preferred The 
third layer 1206 completes the inductance coil pressure sensor by acting analogous to the 
"core" of an inductor. The third layer completes the circuit by conducting the inductance 
response from the inductance coils in the first layer 1202 to the sensor controller 1 120 via the 
common return 1124. 

Turning to Figure 13, the components of the sensor comroUer 1 120 are shown 
The sensor controller 1 120 contains an oscillator 1302 and a multiplexer 1304. 

The osciUator 1302 is connected to the common return 1 124 from the sensors 
906 (see Figure 11). to the control and processing center 904, and to the multiplexer 1304 
The oscillator 1302 receives an electrical power signal from the power source (not shown) and 
oscillates it. The oscillating electrical power signal is transmitted through the multiplexer 1304 
to one of the sensors 906. The oscillator returns the sensoiy input signals to the control and 
processing center 904. 

The multiplexer 1304 is connected to the sensors 906, to the control and 
processing center 904. and to the oscillator 1302. The multiplexer 1304 receives a processor 
control signal fi-om the control and processing center 904 designating one of the sensors to 
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receive the electrical power signal. Based upon the processor control signal, the multiplexer 
1304 routes the oscillating electrical power signal from the oscillator 1302 to the designated 
one of the sensors 906. 

Referring to Figure 14, the elements of the electronics unit 824 are illustrated. 

5 The electronics unit 824 has a power source 902 and a control and processing center 904. 
The power source 902 provides electrical power to the other components of the electronics 
unit 824 and to the sensor unit 820 (Figure 8). The control and processing center 904 
communicates with the sensor controller 1 120 and with the contacts 908. 

The control and processing center 904 receives the sensory input signals from 

10 the sensor controller 1120 and processes the data in the. sensory input signals with the 
electrical input signal from the power source 902 to create the sensory output signals that are 
transmitted to the contacts 908. Several components complete the processing in the control 
and processing center 904, The components of the control and processing center 904 include 
a process converter 1404, a frequency counter 1406, and an options controller 1408. The 

15 process converter 1404, which processes the sensory input signals to create a plurality of 
control signals that are transmitted to the isolator 912, comprises the processor 910 and a 
signal converter 1410. 

The frequency counter 1406 receives the sensory input signals from the sensor 
controller 1 120 within a time window. The time window is regulated by the processor 910. 

20 The processor 910 allows the frequency counter 1406 to receive the sensory input signals 
within the time window and then disables the frequency counter 1406 until another 
measurement is to be taken. Preferably, the time window is one milli-second. 

The frequency counter 1406 receives the sensory output signals as a series of 
pulses. Thus, the frequency counter 1406 collects and measures the number of pulses that are 

25 received within the time window. The data from the sensory input signals is transferred as a 
series of binary numbers to the processor 910 in the process converter 1404. 

In one version of the present invention, the frequency counter 1406 is 
comprised of a twelve bit binary counter and a shift register. The twelve bit counter reads the 
pulse values of the sensory input signals from the sensor controller 1120. The twelve bit 

30 counter transmits the pulse values as binary numbers to the shift register in a parallel 
communication link. The shift register acts as a temporary storage medium. After a period of 
delay, the shift register sends the pulse values serially to the processor 910 of the process 
converter 1404. 

The options controller 1408 allows a user to set control options for the 
35 electronics unit 824. For example, a user can set the minimum and the maximum magnitudes 
of current which will be transmitted from the isolator 912 to the contacts 908 as the stimulus 
in the sensory output signals. Also, the user can set the electronics unit 824 to send sensory 
output signals to the contacts 908 only after pressure on the sensors 906 has exceeded a 
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pressure threshold or after the time of which pressure has been exerted on the sensors 906 has 
exceeded a time threshold. 

The process converter 1404 receives the sensory input signals from the 
frequency counter 1406 aiid processes the sensory input signals to create a plurality of control 
signals that are transmitted to the isolator 912. The control signals control the output of the 
electrical input signal by setting and controlling the stimulus, including the stimulus magnitude, 
of the sensory output signals. 

The processor 910 controls the sensing, processing, and stimulus output in the 
apparatus 802 (Figure 8). The processor 910 has associated memory to store data and the 
programming. The processor 910 also processes the sensory input signals. The processor 910 
selects a designated one of the sensors 906 from which to receive a sensory input signal having 
sensory input. 

The processor 910 has a processing program which it uses to process the 
sensory input signals to create intermediate control signals. Intermediate control signals are 
transmitted to the converter 1410. Because the preferred system has four separate channels 
leading to four contacts 908, the processor 910 creates four intermediate control signals, each 
designated to control the sensory output signal to one of the contacts. 

The converter 1410 receives the intermediate control signals from the 
processor 910 and translates the intermediate control signals into control signals that can be 
received and processed by the isolator 912. The converter 1410 transmits the control signals 
to the isolator 912. 

Preferably, the converter 1410 is a digital potentiometer. The intermediate 
control signals cause the converter 1410 to output a value to the isolator 912, which when 
used by the isolator 912, represents a resistance value for each control signal. The converter 
1410 converts the intermediate control signals to control signals and transmits the four control 
signals to the isolator 912. 

The isolator 912 isolates the electronic components in the electronics unit 814 
from the high voltage of the power source 902. This helps prevent the high voltage from 
damaging components such as the converter 1410 and the processor 910. 

The isolator 912 receives the electrical input signal from the power source 902 
and the control signals from the converter 1410 in the process controller 1404. The isolator 
912 uses the control signals to comrol the output of the electrical input signal. The isolator 
912 applies the control signals to the electrical input signal to create the sensory output 
signals. The isolator 912 sends the sensory output signals to the contacts 908 through the 
35 channels. Each sensory output signal is designated for a designated contact. 

In the preferred system, the isolator 912 is an opto-isolator (01) chip with four 
OIs, one designated for each of the contact 908. An 01 has a light emitting diode component 
(LED) and a resistive photo-cell component (RPC) which is generally a cadmium sulfide 

18 



25 



30 



wo 98/25552 



PCTAJS97/22195 



(CDS) RPC. The LED and the RPC are paired together so that the LED is the input of the 
Ol, and the RPC is the output of the OL 

The LED of the Ol receives the control signal from the converter 1410. The 
control signal has a voltage level that causes the LED to emit light having an intensity level. A 
5 higher voltage level in the control signal causes the LED to emit a greater intensity light. 

The RPC portion of each isolator 912 receives the electrical input signal. The 
RPC portion of the isolator 912 also receives the light from its corresponding LED. The RPC 
converts the light into a resistance value. The resistance value corresponds to the intensity of 
the light emitted from the LED. Therefore, a greater intensity light from the LED corresponds 
10 to a higher resistance value in the RPC. 

The resistance value is applied to the electrical input signal in the RPC. Since 
each RPC receives the same amount of voltage because each receives the electrical input 
signal, the resistance value in the RPC controls the level of current sent to each contact as the 
stimulus in the sensory output signal. The output from each RPC is the sensory output signal 
15 that is sent to each respective contact. 

It will be appreciated that any suitable isolator may be used. For example, an 
LED and an NPN transistor pair may be substituted for each LED-RPC pair. This is an 
example of an analog-sv^^itch semiconductor substitution solution. 

The power source 902 comprises a battery 1412 and a transformer 1414, yet to 
20 be described. The battery 1412 powers the frequency counter 1406, the processor 910, and 
the transformer 1414 with an electrical power signal. In addition, the battery 1412 sends the 
electrical power signal to the sensor controller 1120. The electrical power signal has a voltage 
with a magnitude. The electrical power signal is transferred by the sensor controller 1 120 to 
the sensors 906. 

25 The transformer 1414 receives the power from the battery 1412. The 

transformer 1414 oscillates the electrical power signal. The transformer 1414 also transforms 
the vohage to a high vohage level which is preferably between approximately 100 volts and 
150 volts, although a different range may be used. The transformer 1414 outputs the 
oscillating-transformed electrical power signal as an electrical input signal to the isolator 912. 

30 The frequency of the electrical input signal can be modified. This can be 

accomplished by transmitting a frequency control signal from the process converter 1404 to 
the transformer 1414. 

The processor 910 in the process converter 1404 can be configured to modify 
the frequency of the electrical input signal. The processor 910 transmits a fifth intermediate 

35 control signal to the converter 1410. The converter 1410 converts the intermediate control 
signal into a resistance value which is applied as an input to the transformer 1414. Because 
the transformer 1414 has resistance and capacitance, and because the frequency of the 
electrical output signal is governed- by the relationship that the frequency is equal to one 
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divided by the quantity of the resistance multiplied by the capacitance of the transformer 1414 
[f - l/RC], a change in the resistance in the transformer circuit causes a change in the 
frequency of the electrical input signal which is output from the transformer 1414. 

In addition, the processor 910 can be configured to turn the transformer 1414 
on and off When the sensors 906 are not transmitting sensory input signals, the processor 
910 turns the transformer off. This allows the battery 1412 to conserve energy. When the 
sensors 906 are transmitting sensory input signals, the processor 910 turns the transformer 
1414 on, and the transformer then transmits the electrical input signal to the isolator 912. 

Figure 15 illustrates the components of the transformer 1414 in operation with 
the processor 910, the isolator 912, and the contacts 826, 828, 830, 832. The transformer 
1414 comprises a 47 nf capacitor 1502 connected to the battery. A 120 D. resistor 1504 is 
connected to a node with the capacitor 1502. The other side of the resistor 1 504 is connected 
to a one Kfl resistor 1506 which is connected at a node to both a 3.9 KQ resistor 1508 and 
the gate of a transistor 1510. The cathode of the transistor 1510 at the node between the 
capacitor 1502 and the 120 Q resistor 1504. The anode of the transistor 1520 goes to the 
mput of a transformer chip 1512. The transformer chip 1512 has a 1:30 winding ratio of input 
to output. One transformer chip 1512 output is attached to the node between the battery 1412 
and the capacitor 1502. 

The front contact 826 and the back contact 828 are connected through the OIs 
1516 and 1518, respectively, of the isolator 912 to the node between the 120 Ci resistor 1504 
and the 1 KQ. resistor. Likewise, the common contacts 830 and 832 are connected through 
the OIs 1520 and 1522, respectively, of the isolator 912 to the transformer chip 1512. The 
OIs 1516, 1518, 1520, and 1522 are illustrated as a variable resistor symbol with a "DP" 
under the symbol to represent the digital processing in the processor 910. the transfer of the 
mtermediate control signals to the converter 1410, and the output of the control signals from 
the digital potentiometers in the converter 1410 to the isolator 912. (See Figure 14.) Each 
contact 826, 828, 830, 832 is connected to a respective 01 through a separate channel 1524, 
1526, 1528, and 1530, respectively. 

Figure 14 illustrates the components used in conjunction with the 
processor 910 to turn the transformer 1414 on and off The transformer 1414 only operates 
when a sufficient power signal, having sufficient voltage, is transmitted from the processor 
910. The diode 1514 prevents voltage flow from the transformer 1414 to the processor 910, 
but allows current to flow from the processor to the transformer. 

If the processor 910 configures the transformer 1414 to be off, the processor 
does not allow power to be transferred to the gate of the transistor 1510. When the processor 
910 determines that the transformer 1414 is to be on, the processor transfers power to the 
gate of the transistor 1510. When the voltage at the gate of the transistor 1510 is slightly 
higher than the voltage at the cathode, voltage is pulled through the anode so that the 



20 



wo 98/25552 



PCT/US97/22195 



transformer chip 1512 is energized. The transformer chip 1512 transforms the voltage to a 
high voltage, the output being thirty times greater than the input. The high voltage exits the 
transformer chip 1512 and passes through the resistor-capacitor (RC) network of the circuit so 
that the electrical input signal oscillates at a frequency dictated by the RC circuit. 

5 The oscillating high voltage signal is output as the electrical input signal to each 

OI 1516, 1518, 1520, and 1522 in the isolator 912. The control signals are applied at the 01s 
1516, 1518, 1520, and 1522, and the resuh is transmitted to the respective contacts 826, 828, 
830, 832 through respective channels 1524, 1526, 1528, and 1530 as the sensory output 
signals. Thus, it can be appreciated that the control signals are applied to the electrical input 

10 signal in the respective OIs 1516, 1518, 1520, and 1522 of the isolator 912 to create the 
sensory output signals which are then transmitted to the respective contacts 826, 828, 830, 
and 832. 

With reference now to Figures 11-15 the operation of the apparatus 802 
(Figure 8) is described. While the apparatus 802 is operational, the battery 1412 powers the 

15 oscillator 1302 in the sensor controller 1120 with the electrical power signal. The oscillator 
1302 has an associated capacitor which fires, causing the electrical power signal to have an 
oscillating square wave frequency response. Because the output of the oscillator 1302 is one 
of the inputs of the multiplexer 1304, the multiplexer can always transmit the oscillating power 
signal to the sensors 1104, 1106, 1108, 1110, 1112, 1114, 1116, or 1118 (collectively, the 

20 sensors 906). 

At the outset, the processor 910 determines which of the sensors 906 should be 
polled. That is, the processor 910 determines from which of the sensors 906 the processor 
will obtain a pressure measurement. Generally, the processor 910 polls all of the sensors 906 
sequentially starting with the upper right sensor 1 104. 

25 The processor 910 transmits a processor control signal to the multiplexer 1304 

designating which of the sensors 906 is to be polled. In response to the processor control 
signal, the multiplexer 1304 transmits the oscillating electrical power signal to the designated 
one of the sensors 906 through the required trace 1 122. 

When the designated sensor 906 is polled, the electronics unit 824 of the 

30 apparatus 802 measures the frequency response of the system. The frequency response is the 
number of pulses triggered within a given window of time. The inductance changes as the coil 
layer 1202 gets closer to the foil layer 1206 of the sensor unit 820. Therefore, the frequency 
changes as the inductance in the inductance-based pressure sensor changes. The frequency 
change is the change of the neper frequency which is equal to the resistance divided by the 

35 quantity of two multiplied by the inductance [a = Ry2L], wherein the resonant frequency is 
equal to one over the square root of the quantity of the inductance multiplied by the 
capacitance [g)o= 1 /VlC] . 
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The frequency pulses are returned as sensory input data in a sensory input 
signal through the foil layer 1206, to the common return 1 124, and to the oscillator 1302. The 
oscillator 1302 transmits the sensory input signal to the frequency counter 1406 in the control 
and processing center 904. 

The frequency counter 1406 receives the pulses of the sensory input signal 
within the time window allocated by the processor 910. One milli-second after the processor 
910 enables the frequency counter 1406, the processor disables the frequency counter so that 
no more pulses are counted The frequency counter 1406 transfers the sensory input signal's 
pulse data to the processor 910 as a series of binary numbers. 

The processor 910 completes the sensor polling procedure for all of the sensors 
906 in a like manner. The processor 910 then processes all of the sensory input signals. In the 
preferred method, the processor 910 adds all of the sensory input signals from the front 
sensors 906 to get a single front sensor magnitude. The processor 910 completes the same 
process for the back sensors, for the four sensors on the right half of the sensor unit 820, and 
for the sensors on the left half of the sensor unit. This results in a single front sensor 
magnitude, a single back sensor magnitude, a angle right sensor magnitude, and a single left 
sensor magnitude. The processor 910 uses these sensor magnitudes to determine what type of 
stimulus, including the stimulus magnitude, is to be sent to each of the contacts 908 in the 
sensory output signals. 

The processor 910 next transmits four intermediate control signals to the 
converter 1410. Each intermediate control signal is designated to control a designated sensory 
output signal to a designated contact 826, 828, 830, or 832. At the same time, the processor 
910 enables the transformer 1414. In addition, if the processor 910 has been configured to 
control the frequency of the electrical input signal, the processor will send a separate 
frequency control signal to the converter 1410. 

It shall be recalled that the converter 1410 is a series of digital potentiometers. 
Essentially, the converter 1410 is a digital-to-analog converter. The converter 1410 is wired 
to transmit four separate control signals to four OIs 1516, 1518, 1520, and 1522 in the 
isolator 912. After the converter 1410 receives the intermediate control signals, it converts 
each mtermediate control signal to a control signal having a designated voltage magnitude and 
transmits the control signals to the isolator 912. 

In addition, if the frequency control signal was sent to the converter 1410, the 
converter will "output" a resistance level to the transformer 1414, Since a fifth digital 
potentiometer output is wired to the transformer 1414, merely placing the resistance value in 
the circuit causes the frequency change. The level of the resistance is controlled by the 
frequency control signal originated by the processor 910. 

The isolator 912 receives both the electrical input signal from the transformer 
1414 and the control signals from the converter 1404. The isolator 912, using the 01 LED- 
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RPC pairs, converts each voltage magnitude from each control signal into a resistance value 

Each resistance value is individually applied to the electrical input signal (as illustrated in 

Figure 15) to create each sensory output signal. 

Each sensory output signal is transmitted over its designated channel 1524, 
5 1526, 1528, or 1530 to its designated contact 826, 828, 830, or 832. Each sensory output 

signal has a stimulus having a selected current magnitude and a selected frequency individually 

created for each individual contact 826, 828, 830, or 832. 

Because some of the contacts 830 and 832 are floating grounds, a potential 

difference is created between the contacts 826, 828, 830, and 832, This allows the current 
10 from the sensory output signals to flow from the front or back contact 826 or 828, through the 

limb, and to a common contact 830 or 832 to be returned to the isolator 912, thereby 

completing the circuit path. 

It will be appreciated that the apparatus 802 can be configured to provide 

different types of sensory output signals for different events. For example, the processor 910 
15 can be configured to only initiate stimulus to the contacts when the pressure on the front 

sensors is not in equilibrium with the pressure on the back sensors. Alternately, the processor 

910 can be configured to initiate stimulus to the contacts when the pressure on the sensors 

exceeds a pressure threshold. Another option is to initiate stimulus to the contacts when a 

pressure threshold is exceeded for more than a certain amount of time defined by a window of 
20 time of a time threshold. 

The Embodiment of Figure 16 

A digital processing apparatus constructed in accordance with the present 
invention is not limited to use with prosthetic limbs, but may be employed with a natural but 
sensory impaired limb as well. The present invention restores sensation to sensory impaired 
25 limbs. 

Turning to Figure 16, for example, an apparatus 1602 constructed in 
accordance with a fourth embodiment of the present invention is illustrated. The apparatus 
1602 is for use with a natural lower limb 1604. The apparatus 1602 employs digital 
processing to provide sensory information to the prosthetic device user. 
30 The natural limb 1604 has a foot 1606 and an ankle 1608. The foot 1606 has a 

sole 1610, a heel 1612, a ball of the foot 1614, and a toe 1616, 

A sensor unit 1618 is placed under the sole 1610 of the foot 1606. The sensor 
unit 1618 senses an external operation thereon. For example, the sensor unit 1618 can sense 
heat, cold, pressure, or another external operation. Preferably, the sensor unit 1618 senses 
35 pressure. The sensor unit 1618 is connected by wiring 1620 to an electronics unit 1622. 
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The electronics unit 1622 comprises an electronic circuit with a processing and 
control center, as described above, contained within an enclosure. The electronics unit 1622 is 
attached to the natural limb 1604 where it is accessible for adjustment and repair 

Referring still to Figure 16, the apparatus 1602 includes four output elements 
such as contacts 1624, ,626, 1628, and 1630, which are positioned on the natural limb I6O4' 
A front contact 1624 is positioned so as to contact the front of the natural limb 1604 A back 
contact 1626 .s positioned so as to contact the back of the natural limb 1604. A first common 
contact 1628 .s positioned on the left of the limb 1604. and a second common contact 1630 is 
positioned on the right of the limb 1604. 

The left and right common contacts 1628 and 1630 are floating ground 
contacts and the front and back contacts 1624 and 1626 are non-floating ground contacts. A 

5*607 k ! " ""^"^ '''''''' l^ft ^omn.on contact 

1628 or bemeen the back contact 1626 .and the right common contact 1630, respectively. A 
potential difference occurs when the electric charge at one point ,n the circuit is not the same 
as the electnc charge at another point in the circuit. This potential difference allows the 
current to flow through the residual limb from the more positive contact to the more negative 
contad, thereby completmg the draih path. 

The contacts 1624, 1626, 1628, and 1630 are connected by wiring to the 
electromcs ^ ,622 A sepatate channel 1632, 1634. 1636, and 1638 connects each of the 
contacts 1624. 1626, 1628, «,d 1630, respectively, to .he deconics „™t 1622. A portion of 

r„(,1^,"l"T r' ' ™' "« e'-»0"i« 

urn. 1622 through the wiring 1620. In addiUon. pan of the drcui. path is con,plet«l from the 

e.earon,cs un,t ,622 to the front contact 1624 or bade comae. 1626 through the fron. channel 

1632 or the bade channel 1634, Uirough the residual limb, to a common contact 1628 or 1630 

IL^ ■:3::r3: "^"^ •^^ -^^ ~ 

The Embodiment of Figures 17-20 

.rr H ft"^"^ '° ^ «PP^^*"^ ^702 constructed in 

accordance with the present invention for an upper extremity prosthesis is Ulustrated. Figure 
17 shows a hand component 1704 of the upper extremity appai^tus 1702. and Figure 18 
shows a socket component 1802 of the upper extremity apparatus 1702. 

The hand component 1704 is comiected to the socket component 1802 by 
means of a conventional "OTTO BOCK" bushing. One comiector portion 1706 of the bushing 
IS securedmthe wrist area of the hand component 1 704, and the other comiector portion 1804 

*e%™ "^'^^ '''' '''' ^^^^ of 

the OTTO BOCK bushing connect together to secure the hand component 1704 to the 
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socket component 1802. The bushing allows the hand 1704 to pivot while achieving electrical 

connections to operate the hand 1704. 

As shown in Figure 17, the hand component 1704 may have a shell 1708 which 

is covered by a glove 1710. The "OTTO BOCK" bushing connector 1706 is secured inside 
5 the shell 1708 and is electrically connected to the hand motor 1712 of a conventional gripping 

mechanism (not shown). 

The hand component 1704 preferably has the normal five digits: a thumb 1714, 

an index finger 1716, a middle finger (not shown), a ring finger (not shown), and a little finger 

(not shown). The thumb 1714 and index finger 1716 may be adapted for primary movement 
10 and the other fingers may be generally designed to follow the movement of the index finger 

1716. 

The apparatus 1702 includes a sensor 1718 secured to the surface of the thumb 
1714. The sensor 1718 may be resistance-based or inductance-based. Suitable resistance- 
based sensors include the DYNAFORCE pressure sensor and the FORCE SENSING 

15 RESISTOR™ previously described. A suitable inductance-based sensor is the inductance- 
based coil sensor of the present invention previously described. Pressure sensors may be 
located at other areas of the prosthetic hand. Pressure sensors may be placed in one or more 
of the fingers of the prosthetic hand, for example, to provide a wider surface area of 
perception for the amputee. 

20 The pressure sensor 1718 preferably is attached to a flattened portion of the 

shell 1708 with an epoxy adhesive. The flattened area around the sensor 1718 is built up with 
epoxy to achieve the proper shape for a thumb 1714. If the sensor 1718 is resistance-based, it 
should not be bent or physically stressed in its installation or it may falsely indicate that an 
object is being grasped by the hand 1704. 

25 A pair of wires 1720 and 1722 are attached to the electrical contacts of the 

sensor 1718. The wires 1720 and 1722 can be any conventional wiring. 

A connector 1724, such as adhesive tape, connects the wires 1720 and 1722 to 
the thumb 1714 near the sensor 1718 to prevent physical stress on the connection between the 
wires 1720 and 1722 and the sensor 1718 when the hand 1704 is opened and closed. The 

30 wires 1720 and 1722 extend along the thumb 1714, between the index finger 1716 and middle 
finger, and back to the wrist area of the hand 1704 near the "OTTO BOCK" bushing 
connector 1706. Slack is provided in the wires 1720 and 1722 to acconmiodate the movement 
of the hand 1704. 

The wires 1720 and 1722 extend through an incision (not shown) in the hand 
35 shell 1708 and connect to the metallic conductors (not shown) of the "OTTO BOCK" bushing 
connector 1706. Conductive epoxy or another suitable connector is used to join the wires 
1720 and 1722 to the sensor 1718 terminals and to the "OTTO BOCK" bushing terminals. 
The connections are insulated to prevent a short circuit. 

25 



wo 98/25552 

PCT/US97/22195 

As illustrated by Figure 18, the socket component 1802 of the upper extremity 
apparatus 1702 is adapted to receive the residual limb 1806. The apparatus 1702 provides 
physical sensations to the surface of the residual limb 1806 by means of a battery-powered 
vibratmg motor 1808 positioned so as to communicate vibrations to the limb when the limb is 
received in the socket component 1802. 

The vibrating motor 1808 is operated by an electronics unit 1810 supported 
inside the socket component 1802 and connected to the "OTTO BOCK" bushing terminals. 
The connections are insulated to prevent a short circuit. 

The electronics unit 1810 and the vibrating motor 1808 are powered by a 
circuit battery 1812. To eliminate the need for frequem battery replacement, the preferred 
circuit battery 1812 is a rechargeable Nicad 3-voh d.c. battery. The circuit battery 1812 is 
trickle charged by a myo-electric battery 1814, such as a standard 6-volt or 9-vok d c batteiy 
and which IS also supported inside the socket componem 1802 and connected to the 
electronics unit 1810. The myo-electric battery 1814 also is electrically connected through the 
"OTTO BOCK" bushing 1706 and 1804 to power the hand motor 1712 which operates the 
gnppmg mechanism in the hand component 1704. 

The vibrating motor 1808 preferably is the type used in pager devices to signal 
the wearer by vibration rather than audible sound to respond to a page. The number 208004 
vibrating motor available from NEC America (Dallas, Texas) is a suitable vibrating motor 
1808 for use with the upper extremity apparatus 1702. Such a vibrating motor 1808 is about 
one inch m length and has a diameter slightly larger than a pencil. 

Attention now is directed to Figure 19 for a description of the electronic circuit 
1902 contained within the electronics unit 1810 (Figure 18). The electronic circuit acts as an 
analog control and processing center. As indicated by broken lines, the upper extremity 
electronic circuit 1902 generally includes a trigger circuit 1904, a delay circuit.1906, a switch 
1908, a vibrating motor comrol circuit 1910 and a trickle charging circuit 1912. 

The trigger circuit 1904 is piggybacked imo the hand motor 1712 between the 
hand motor and the bi-directional motor control 1914 to detect muscle activity in the residual 
hmb which ,s sensed by the sensors (not shown) of the bi-directional motor control The 
tngger circuit 1904 is also comiected to the delay circuit 1906 to provide an output to the 
delay circuit 1906 in response to muscle activity in the residual limb. The trigger circuit 1904 
preferably ,s adjusted to respond to a level of muscle activity which is insufficient to cause 
movemem of the hand 1704 (not shown in Figure 19). The trigger circuit 1904 includes a pair 
of 1N914 diodes 1916 and 1918 and resistors 1920 and 1922. 

The trigger circuit 1904 connects to the input of the delay circuit 1906 which 
IS the first of two SK9442 (AM) transistors 1924 and 1926 connected as a Darlington pair In 
other words, the output of the first A14 transistor 1924 is the input to the second A14 
transistor 1926. 
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The delay circuit 1906 also includes a 47pif capacitor 1928, a resistor 1930, and 
a 1 MQ. potentiometer 1932. The potentiometer 1932 provides the capability to adjust the 
length of the "delay time," which is defined and described later herein. 

The output of the delay circuit is connected to the switch 1908, which operates 

5 to turn the vibrating motor control circuit 1910 on and off. The switch 1908 is a 5-voh d.c. 
single-pole single-throw electro-mechanical relay. A suitable device for the switch 1908 is the 
275-240/Micromim 5VDC SPDT switch manufactured by Archer for Tandy Corporation's 
Radio Shack stores. The switch 1908 closes when it receives a signal from the delay circuit 
1906, thereby energizing the vibrating motor control circuit 1910. The switch 1908 opens 

10 when it receives no signal fi-om the delay circuit 1906, thereby de-energizing the vibrating 
motor control circuit 1910. 

With continued reference to Figure 19, the vibrating motor control circuit 1910 
includes a 2N3906 transistor 1934, a 2N3904 transistor 1936, a 100 KQ potentiometer 1938, 
a resistor 1940, and a capacitor 1942. The sensor 1718 is connected in series with the output 

15 of the 2N3906 transistor 1934 and the potentiometer 1938. The potentiometer 1938 is 
included to allow the amputee to adjust the magnitude of the stimuli produced. The 
potentiometer 1938 is a standard variable resistor in the range of 100 KQ to 150 KQ, 
depending upon the desired range of magnitude. 

As mentioned previously, the electronic circuit 1902 receives power from the 

20 circuit battery 1812, which is trickle charged by the myo-electric battery 1814. The trickle 
charging circuit 1912 includes a resistor 1944 and a 1N914 diode 1946. The switch 1908 is 
connected to the circuit battery 1812 and the trickle-charging circuit 1912 in order to close 
and energize the vibrating motor control circuit 1910. 

Returning to Figures 17 and 18, in operation the apparatus 1702 generally 

25 produces stimuli felt by the amputee when the hand 1704 is in motion or muscle activity is 
present in the residual limb 1804 and for a preset "delay time" after the muscle activity ceases. 
As long as muscle activity is present in the residual limb 1804, the trigger circuit 1904 is 
constantly resetting the delay cycle. Accordingly, while there is muscle activity, the delay time 
never expires and the apparatus 1702 remains energized or "on." 

30 Once muscle activity in the residual limb 1804 ceases, the trigger circuit 1904 

stops resetting the delay cycle. If there is no muscle activity for the length of the delay time, 
the delay circuit 1906 provides an "off' signal to the switch 1908 to open and de-energize the 
vibrating motor control circuit 1910. 

In operating to de-energize the vibrating motor control circuit 1910, the delay 

35 circuit 1906 not only conserves circuit battery 1812 power but also enhances the comfort level 
of the amputee. If the amputee is grasping an object, such as a pencil or pen, for an extended 
period of time, the constant sensation of the vibrating motor 1808 may become annoying to 
the amputee. The amputee is aware that the object is in the grasp of the prosthetic hand and a 
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constant reminder from the vibrating motor 1808 is unnecessaiy and uncomfortable The 
delay circuit 1906 cuts off the vibrating motor 1808 at the end of the delay time to stop these 
unneeded sensations. It should be appreciated, however, that any new movement of the hand 
triggers another delay cycle and another period of stimuli. The 1 MO potentiometer 1932 
provided in the delay circuit 1906 allows the amputee to adjust the duration of the delay time. 

Now it will be appreciated that the delay feature may be implemented in the 
lower limb assembly, as previously described. Moreover, the damping circuit and the 
collective magnitude dividing circuit feature of the electronic circuit 402 of Figure 4 may be 
implemented in the upper extremity apparatus and may be advantageous where pressure 
sensors are installed in more than one digit of the hand portion, such as the thumb and the 
index finger. 

The vibrating motor 1 808 is driven by the vibrating motor control circuit 1910 
(Figure 19) in direct proportion to the amount of pressure applied to the sensor 1718 As the 
pressure on the sensor 1718 is increased, the resistance of the sensor 1718 decreases the 
current to the vibrating motor 1808 increases and the magnitude of the vibrations is 
augmented. Conversely, as pressure on the sensor 1718 is decreased, the strength of 
vibrations from the vibrating motor 1808 is reduced. When the combined resistance of the 
sensor 1718 and potentiometer 1938 is greater than approximately 1 MQ, the vibrating motor 
control circuit 1 91 0 is virtually an open circuit and the currem is off. 

When the combined resistance of the sensor 1718 and potentiometer 1938 
(Figure 19) is between 1 MO and 200 KQ, the vibrating motor control circuit 1910 is on 
(assuming the switch 1908 is closed), but the intensity of the vibrations may not be perceptible 
to the amputee. At combined resistances below 200 KCl for the potentiometer 1938 and the 
sensor 1718, the stimuli from the vibrating motor 1808 are generally felt by the amputee in 
direct proportion to the amount of pressure applied to the sensor 1718. Accordingly the 
vibrating motor control circuit 1910 gives the amputee a sense of how tightly the prosthetic 
hand 1704 is gripping an object. The potentiometer 1938 allows the amputee to adjust the 
intensity of the vibrations to suit the personal comfort level of the amputee. 

The vibrating motor 1808 may be a source of voltage spikes, current surges or 
electncal noise which might interfere with the upper extremity electronic circuit 1902. The 10 
Hf capacitor 1942 is provided in the vibrating motor control circuit 1910 to isolate from the 
upper extremity electronic circuit 1902 any electrical spikes, surges, or noise produced by the 
vibrating motor 1808. 

The single-pole single-throw electro-mechanical relay switch 1908 (Figure 19) 
may produce an undesirable noise when opening and closing. In addition to silent operation, it 
is preferred that the switch be as lightweight and as small in size as possible. 

In order to provide a switch which is silent, light-weight and very compact a 
transistorized switch may be substituted for the electro-mechanical switch 1908 in the upper 
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extremity apparatus 1702. With reference to Figure 20, an electronic circuit 1902A for the 
upper extremity apparatus 1 702 utilizes a transistorized switch 2002 in place of the electro- 
mechanical switch 1908 of Figure 19. With the exception of the switch 2002, the components 
of the circuit 1902 A are the same as those of circuit 1902. 

The switch 2002 includes a 2N3906 transistor 2004, two resistors 2006 and 
2008, and an SK9417 transistor 2010. Because the emitter of the A14 transistor 1926 of the 
trigger circuit 1906 is grounded, a negative pulse is sent from the trigger circuit 1906 to 
trigger the switch 2002. A negative pulse from the trigger circuit 1906 causes the 2N3906 
transistor 2004 to become conductive. 

The 2N3906 transistor 2004 acts like an inverting buffer to the SK9417 
transistor 2010. When the 2N3906 transistor 2004 receives a negative pulse from the trigger 
circuit 1906, it becomes "on" and provides a positive pulse to the SK9417 transistor 2010. 
The positive pulse causes the SK9417 transistor 2010 to saturate. This saturation of the 
SK9417 transistor 2010 makes the switch 2002 conductive between the circuit battery 1812 
and the vibrating motor control circuit 1910 in a manner analogous to closing the electro- 
mechanical switch 1908 in the electronic circuit 1902 A. 

Changes may be made in the combinations, operations and arrangements of the 
various parts and elements described herein without departing from the spirit and scope of the 
invention as defined in the following claims. 
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Claims 

What is claimed is: 

1 A method for providing sensory perceptions in a sensor system of a 
prosthetic device, the method comprising: 

sensing an external operation magnitude from a plurality of sensor groups, each 
sensor group sensing a fraction of the external operation magnitude; 

generating a plurality of sensory inputs from the sensor groups in response to 
the external operation; 

generating an electrical input signal with a magnitude; 

controlling the electrical input signal with the plurality of sensory inputs to 
create a plurality of sensory output signals collectively having a stimulus 
with a collective stimulus magnitude corresponding to the electrical input 
signal magnitude, each sensory output signal having a fraction of the 
stimulus magnitude corresponding to the fraction of the external operation 
magnitude sensed by one of the sensor groups; and 

transmitting each of the sensory output signals to a designated one of a 
plurality of contacts through a designated one of a plurality of channels. 

2. The method of claim 1 wherein the plurality of contacts comprises a non- 
floating ground contact and a floating ground contact, and wherein the method further 
comprises creating a potential difference between the floating ground contact and the non- 
floating ground contact and creating a partial circuit path from the non-floating ground 
contact through a residual limb and then to the floating ground contact to the control and 
processing center through the channel connected to flie floating ground contact. 

3. The method of claim 1 wherein the plurality of sensory inputs are in a 
plurality of sensory input signals and wherein the controlling the input step comprises digitally 
processing the electrical input signal with the plurality of sensory input signals. 

4. The method of claim 3 wherein controlling the input comprises: 
processing the sensory input signals to create a plurality of control signals; and 
controlling the electrical input signal with the control signals by applying the 

control signals to the electrical input signal to create the plurality of sensory 
output signals. 

5. The method of claim 1 wherein the electrical input signal has a voltage 
magnitude and wherein the controlling the input step comprises: 

processing the sensory input signals to create a plurality of control signals, each 
control signal corresponding to a selected resistance level; and 
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applying each of the plurality of control signals to the electrical input signal to 
create the plurality of sensory output signals, each sensory output signal 
having a current magnitude. 

6. The method of claim 5 wherein the electrical input signal has a frequency 
and the sensory output signals have a frequency that corresponds to the electrical input signal 
frequency, and wherein the method further comprises varying the frequency of the electrical 
input signal thereby varying the frequency of the sensory output signals. 

7. The method of claim 5 wherein the applying the control signals step 

comprises: 

transmitting the control signals to a high voltage isolator, the control signals 
each representative of a resistance value; and 

applying the voltage magnitude of the electrical input signal to each of the 
control signals at the high voltage isolator to create the sensory output 
signals, each sensory output signal having a current magnitude. 
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8. A sensory feedback system for use with a prosthetic device comprising: 
a power source adapted to transmit an electrical input signal; 

a plurality of sensors each operable to create a sensory input in response to an 

external operation thereon; 
a plurality of contacts each adapted to receive a sensory output signal; 
a plurality of channels each connected to one of the plurality of contacts and 

adapted to carry one of the sensory output signals to the contact to which it 

is connected; and 

a control and processing center adapted to receive the electrical input signal 
from the power source and to receive the sensory inputs from the sensors, 
to control the electrical input signal by applying the sensory inputs to the 
electrical input signal to create the sensory output signals, and to transmit 
the sensory output signals to the contacts through the channels. 

9. The sensory feedback system of claim 8 wherein the sensors comprise an 
inductance-based pressure sensor. 

10. The sensory feedback system of claim 8 wherein the sensors comprise a 
resistance-based pressure sensor. 

11. The sensory feedback system of claim 8 wherein the sensors comprise 
resistance-based pressure sensors havmg an electrical resistance, wherein the external 
operation comprises pressure, and wherein: 

the control and processing center is adapted to deactivate the power source in 
response to resistance in each resistance-based pressure sensor which is 
greater than a selected level of electrical resistance and to activate the 
power source in response to resistance in any of the resistance-based 
pressure sensors which is less than the selected level of electrical 
resistance. 

12. The sensory feedback system of claim 8 wherein the electrical input signal 
has a frequency and the sensory output signals have a frequency corresponding to the 
electrical input signal frequency, and wherein the sensory feedback system further comprises a 
frequency controller adapted to modify the frequency of the electrical input signal, thereby 
causing the frequency of the sensory output signals to be modified. 

13. The sensory feedback system of claim 8 wherein one of the contacts 
comprises a floating ground contact. 

14. The sensory feedback system of claim 8 wherein the control and 
processing center comprises an analog circuit. 
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15. The sensory feedback system of claim 14 wherein the electrical input 
signal has a magnitude and wherein the analog circuit comprises: 

an oscillating circuit adapted to receive the electrical input signal from the 
power source and to oscillate the electrical input signal; 

a transformer circuit adapted to receive the electrical input signal from the 
oscillator circuit and to increase the magnitude of the voltage; and 

a trigger circuit adapted to receive the electrical input signal from the 
transfprmer circuit and to apply each of the sensory input signals to the 
electrical input signal to create the sensory output signals. 

16. The sensory feedback system of claim 8 wherein the control and 
processing center comprises an integrated circuit. 

17. The sensory feedback system of claim 16 wherein each of the sensory 
output signals has a stimulus, and wherein the control and processing center comprises: 

a processing center adapted to receive the sensory input signals from the 
sensors and to process the sensory input signals to create a plurality of 
control signals, each of the plurality of control signals designated to define 
the stimulus of one of the sensory output signals; and 

an isolator operable to receive the plurality of control signals and to receive the 
electrical input signal, to apply the control signals to the electrical input 
signal to create the sensory output signals, and to transmit each of the 
sensory output signals through a designated one of the channels to a 
designated one of the contacts. 

18. The sensory feedback system of claim 8 wherein the control and 
processing center comprises: 

a frequency counter adapted to receive the sensory inputs within a designated 
time frame; 

a process converter adapted to receive from the frequency counter the sensory 
inputs and to process the sensory inputs to create a plurality of control 
signals; and 

an isolator operable to control the output of the electrical input signal, the 
isolator adapted to receive the electrical input signal from the power 
source, to receive the control signals from the process converter, and to 
apply the control signals to the electrical input signal to create the sensory 
output signals. 

19. The sensory feedback system of claim 18 wherein the power source 
transmits an electrical power signal, and wherein the system further comprises: 
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a sensor controller adapted to receive the electrical power signal from the 
power source, to transmit the electrical power signal to the sensors, to 
receive the sensory inputs from the sensors as sensory input signals, and to 
transmit the sensory input signals to the process converter. 

20. The sensory feedback system of claim 18 wherein the process converter 

comprises: 

a processor having a processing program and adapted to receive the sensory 
input signals from the frequency counter and to process the sensory input 
signals with the processing program to create intermediate control signals; 
and 

a converter adapted to receive the intermediate control signals from the 
processor, to translate the intermediate control signals into control signals 
that can be received and processed by the isolator, and to transmit the 
control signals to the isolator. 
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21 . A sensory feedback system for a prosthetic device comprising: 

a power source adapted to transmit an electrical power signal and an electrical 
input signal; 

a control and processing center adapted to receive the electrical input signal 
and to transmit a plurality of sensory output signals; 

a plurality of contacts each adapted to receive a designated one of the sensor>' 
output signals; 

a plurality of inductance-based pressure sensors each adapted to receive the 
electrical power signal, to change the electrical power signal to a sensory 
input signal representing pressure applied thereto, and to transmit the 
sensory output signal therefrom; and 

a sensor controller adapted to route the electrical power signal to each 
inductance-based pressure sensor and to return the sensory input signal 
from each inductance-based pressure sensor to the control and processing 
center; 

wherein the control and processing center is further adapted to process the 
sensory input signals and the electrical input signal to create a plurality of 
sensory output signals each representing the pressure applied to at least 
one of the inductance-based pressure sensors, and to transmit the sensory 
output signals to the contacts. 

22. The sensory feedback system of claim 21 wherein the electrical power 
signal has a frequency and wherein the control and process center is adapted to control the 
frequency of the electrical power signal. 

23. The sensory feedback system of claim 21 wherein one of the contacts is a 
floating ground contact adapted to return at least one of the sensory input signals through one 
of the charmels to the control and processing center. 

24. The sensory feedback system of claim 21 wherein the control and 
processing center is adapted to transmit the sensory output signals to the contacts after the 
pressure applied to the inductance-based pressure sensors exceeds a pressure threshold. 

25. The sensory feedback system of claim 21 wherein the control and 
processing center is adapted to transmit the sensory output signals to the contacts after 
pressure is applied to the inductance-based pressure sensors for a time exceeding a time 
threshold. 
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26. The sensory feedback system of claim 21 wherein: 

the inductance-based pressure sensors comprise a front inductance-based 
pressure sensor and a back inductance-based pressure sensor; 

the contacts comprise a front contact and a back contact; 

the pressure comprises a total pressure comprising a front pressure and a back 
pressure; 

the front pressure is applied to the front inductance based contact and the back 
pressure is applied to the back inductance based contact; 

the control and processing center is adapted to transmit a front sensory output 
signal and a back sensory output signal collectively having a total 
magnitude; and 

the control and processing center is adapted to transmit the front sensory 
output signal to the front contact having a stimulus with a stimulus 
magnitude having a proportion of the total magnitude corresponding to a 
proportion of the front pressure with respect to the total pressure and to 
transmit the back sensory output signal to the back contact having a 
stimulus with a stimulus magnitude having a proportion of the total 
magnitude corresponding to a proportion of the back pressure with 
respect to the total pressure. 

27. The sensory feedback system of claim 21 wherein the control and 
processing center comprises: 

a frequency counter adapted to receive data in the sensory input signals within 

a designated time frame; 
a process converter adapted to receive the data from the sensory input signals 

from the frequency counter and to process the data to create a plurality of 

control signals; and 

an isolator operable to control the output of the electrical input signal, the 
isolator adapted to receive the electrical input signal from the power 
source, to receive the control signals from the process converter, and to 
apply the control signals to the electrical input signal to create the sensory 
output signals. 

28. The sensory feedback system of claim 27 wherein the process converter 

comprises: 

a processor having a processing program and adapted to receive from the 
frequency counter- the data from the sensory input signals and to process 
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data with the processing program to create intermediate control signals; 
and 

converter adapted to receive the intermediate control signals from the 
processor, to translate the intermediate control signals into control signals 
that can be received and processed by the isolator, and to transmit the 
control signals to the isolator. 
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29. An upper limb prosthesis, comprising: 

an arm portion including a socket adapted to receive the residual limb of the 
amputee; 

a hand portion attached to the arm portion, the hand portion having at least one 
digit; 

a power source adapted to generate an electrical current; 

a pressure sensor in the at least one digit adapted to receive the electrical 
current, to provide an electrical resistance to pressure on the at least one 
digit, and to emit, in response to the pressure, an electrical signal in 
proportion to the intensity of pressure on the at least one digit; 

a control and processing center adapted to convert the electrical signal from the 
pressure sensor to a stimulus, to deactivate the transmission of the 
stimulus to the residual limb in response to a predetermined period of lack 
of muscle activity in the residual limb, and to activate the transmission of 
the stimulus in response to muscle activity in the residual limb; and 

a residual limb contact adapted to receive the stimulus from the control and 
processing center and to transmit the stimulus to the residual limb. 

30. The upper limb prosthesis of claim 29 wherein the control and processing 
center converts the electrical signal to vibrations. 
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